Telomeres are DNA-protein complexes that cap linear DNA strands, protecting DNA from damage. When telomeres critically shorten, cells become susceptible to senescence and apoptosis. Telomerase, a cellular ribonucleoprotein enzyme, rebuilds the length of telomeres and promotes cellular viability. Leukocyte telomeres are reportedly shortened in major depression, but telomerase activity in depression has not been previously reported. Further, there are no published reports of the effects of antidepressants on telomerase activity or on the relationship between telomerase activity and antidepressant response. Peripheral blood mononuclear cell (PBMC) telomerase activity was assessed in 20 medication-free depressed individuals and 18 controls. In total, 16 of the depressed individuals were then treated with sertraline in an open-label manner for 8 weeks, and PBMC telomerase activity was reassessed in 15 of these individuals after treatment. Pre-and post-treatment symptom severity was rated with the Hamilton Depression Rating Scale. All analyses were corrected for age and sex. Pretreatment telomerase activity was significantly elevated in the depressed individuals compared with the controls (P = 0.007) and was directly correlated with depression ratings (P < 0.05) across all subjects. In the depressed group, individuals with relatively lower pretreatment telomerase activity and with relatively greater increase in telomerase activity during treatment, showed superior antidepressant responses (P < 0.05 and P < 0.005, respectively). This is the first report characterizing telomerase activity in depressed individuals. PBMC telomerase activity might reflect a novel aspect of depressive pathophysiology and might represent a novel biomarker of antidepressant responsiveness.
Introduction
Major depressive disorder (MDD) is among the leading causes of disability worldwide, 1 but its underlying pathology is poorly understood. Research is now aimed at characterizing its pathophysiology on a cellular and molecular level. 2, 3 A novel locus of cellular pathology, leukocyte telomere shortening, has recently been proposed. [4] [5] [6] [7] Premature telomere shortening could suggest an accelerated rate of cell aging in MDD, 4, [6] [7] [8] which could have important health consequences. Telomeres are DNA-protein complexes that cap the ends of the linear chromosomal DNA, protecting chromosomes from instability. When telomeres shorten to a critical length, cells become susceptible to senescence and apoptosis. [9] [10] [11] [12] Telomere length is determined by the balance between telomere shortening stimuli (for example, mitotic divisions and exposure to inflammation and oxidation) and telomere lengthening or reparative stimuli. 9, 10, [12] [13] [14] [15] A major enzyme responsible for protecting, repairing and lengthening telomeres is telomerase, a ribonucleoprotein enzyme that elongates telomeric DNA, thereby counteracting telomere shortening and maintaining cellular viability. In addition, telomerase has non-telomeric actions, such as regulating the transcription of growth factors and stimulating cell growth in adverse conditions. 12, [16] [17] [18] [19] [20] [21] [22] characterized telomerase activity in these conditions, and no studies have characterized telomerase activity in MDD. Genetic studies with humans having inherited disease caused by mutated genes encoding telomerase components have shown that low telomerase activity levels can be an important factor limiting leukocyte telomere length. 11, 41, 42 In healthy humans, telomerase activity levels positively correlate with telomere length among different subsets of resting lymphocytes, 43 as telomerase promotes longer telomere length. However, it is not known whether this relationship between resting telomerase activity and telomere length observed cross sectionally is modulated by disease states, and/or affects disease processes. Determination of telomerase activity is therefore important to understanding the reported shortening of leukocyte telomeres in MDD to assess whether the reduced telomere length is due to increased shortening or decreased length replenishment by telomerase.
It is possible that either high or low telomerase activity could be associated with shortened telomeres. Low telomerase activity could cause shortened telomeres by limiting the replenishment of shortened telomeres. 11, 41, 42 Conversely, unusually high telomerase activity could represent a compensatory attempt to maintain telomere length in the face of cellular stress. 24, 44 Further, as telomerase has a number of poorly understood non-telomeric functions, [16] [17] [18] [19] [20] [21] abnormal telomerase activity in depression could result in unanticipated consequences.
The purpose of this study was to compare peripheral blood mononuclear cell (PBMC) telomerase activity in unmedicated individuals with MDD to matched healthy controls, to determine whether the pre-treatment level of PBMC telomerase activity is altered in depressed individuals, whether it predicts antidepressant response and whether antidepressantinduced changes in PBMC telomerase activity are related to treatment response.
Subjects and methods

Subjects
A total of 20 subjects with MDD, diagnosed using the Structured Clinical Interview for DSM-IV-TR, 45 and 18 matched healthy controls were recruited and gave informed consent to participate. The protocol and consent form were approved by the University of California, San Francisco Committee on Human Research. Depressed subjects were all outpatients; they and the controls were recruited by fliers, Craigslist postings (http://sfbay.craigslist.org), newspaper advertisements and, in the case of depressed subjects, clinical referrals. Subjects were paid for their participation, and depressed subjects received free antidepressant treatment during the treatment phase of the study (described below). Depressed subjects with psychosis or bipolar histories were excluded, although comorbid anxiety disorders were allowed when the depressive diagnosis was considered to be primary, with the exception of post-traumatic stress disorder, which was excluded as it may have differences in stress hormone regulation. 46 Healthy controls were required to have no present or past history of any DSM-IV Axis I or Axis II diagnosis. Potential subjects were also excluded if they met Structured Clinical Interview for DSM-IV-TR criteria for alcohol or substance abuse within 6 months of entering the study. Subjects in both groups were medically healthy and had not had any vaccinations within 6 weeks of entering the study. All subjects (depressed and control) were free of psychotropic medications, including antidepressants, antipsychotics and mood stabilizers, as well as hormone supplements, steroid-containing birth control or other interfering medications (for example, statins) or vitamin supplements above the United States recommended daily allowances, for a minimum of 6 weeks before entry into the study (with the exception of short-acting sedative-hypnotics, as needed, up to a maximum of 3 times per week, but none within 1 week of testing).
Procedure
Subjects were admitted as outpatients to the University of California, San Francisco Clinical and Translational Science Institute at 0800 hours, having fasted (except water) since 2200 hours the night before. On the morning of testing, all subjects were required to test negative on a urine toxicology screen (measuring the presence of drugs of abuse) and in women of childbearing capacity, a urine pregnancy test. After the subjects had sat quietly for 45 min to ensure an unstimulated resting baseline, blood samples were obtained for PBMC telomerase activity. Depressed subjects were then rated with the 17-item version of the observer-rated Hamilton Depression Rating Scale (HDRS), 47 and the depressed subjects and controls completed the self-rated Inventory of Depressive Symptomatology 48 and Perceived Stress Scale. 49 Following this baseline day, 16 depressed subjects completed 8 weeks of open-label outpatient treatment with sertraline. Of the original group of 20 depressed subjects, one withdrew consent before treatment, two were dropped by the investigators because of the development of exclusion criteria (acute medical illnesses), and one dropped out by mutual agreement of the subject and the investigators because of depressive worsening during treatment, leaving 16 subjects completing 8 weeks of treatment. Sertraline dosing began with 50 mg per day, increasing to a maximum of 200 mg per day, as tolerated and as warranted by clinical response. In two cases, the beginning dose was initially lowered to 25 mg per day because of transient side effects. Medication compliance was monitored by pill counts and by plasma antidepressant levels (described below) at week 4 and week 8 of treatment. Following 8 weeks of sertraline treatment, depressed subjects were readmitted as outpatients to the Clinical and Translational Science Institute at 0800 hours and followed a procedure for assessing depression and telomerase activity identical to that used on the baseline day. One subject failed to have telomerase activity assayed at week 8, leaving 15 depressed subjects with week 8 telomerase data.
Assays
PBMC collection and extraction
We performed several pilot studies assessing collection and freezing protocols that yielded consistent telomerase activities. The most reliable methods for obtaining PBMC's and assessing telomerase activities use Cell Preparation Tubes (Becton-Dickinson, Franklin Lakes, NJ, USA, Vacutainer CPT), which contain a Ficoll separation gradient. Cells are counted using a hemocytometer and are resuspended and lysed with 1 Â CHAPS buffer (10 mM Tris-HCl, pH 7.5, 1 mM MgCl2, 1 mM EGTA, 0.1 mM Benzamidine, 5 mM b-mercaptoethanol, 0.5% CHAPS and 10% glycerol). An extract corresponding to 10 000 cells ml À1 was made and was stored frozen at À80 1C until all samples were ready for the telomerase activity assay (to minimize inter-assay variability). Storing lysed cell extracts in CHAPS buffer, rather than storing whole cells live, eliminates the problem of the potentially variable reductions in cell viability that can result from different durations of storage time, and thus results in more accurate telomerase measures.
Telomerase activity assay (telomere repeat amplification protocol) We optimized the telomerase activity assay on the basis of the commercially available kit TRAPeze (Chemicon, Temecula, CA, USA). Two concentrations (5000 and 10 000 cells) were used for Telomeric Repeat Amplification Protocol (TRAP) reactions to ensure that the assay for each sample is in the linear range. The reaction follows the manufacturer's protocol. Products are separated on 10% polyacrylamide 8 M urea gels, exposed to phosphorimager screen overnight and scanned using a phosphorimager, and quantified using ImageQuant software (GE Healthcare, Piscataway, NJ, USA). In all, 293T cells are used as positive controls. Telomerase activity is defined as 1 unit = the amount of product from one 293T cell/ 10 000 PBMC's. Details of the telomerase activity assay method can be found in Lin et al. 43 Quality control: In addition to the 293T cancer cell extract as the standard for telomerase activity quantification, we also include two control extracts from resting PBMC's in each run. Measurement of 24 resting PBMC samples on different days produced an inter-assay CV of 6.8%.
Statistics
We first assessed the impact of age, sex, body mass index, lifetime and current tobacco use and alcohol use as potential confounds. In the controls, but not in the depressed subjects, a negative relationship existed between age and baseline telomerase activity (r = À0.54 and P < 0.05). This relationship showed a non-significant trend across the overall sample (r = À0.27 and P = 0.096). In the control group, but not in the overall sample or in the depressed subjects, there was a non-significant trend for sex to be related to baseline telomerase activity (men greater than women) (r = 0.40 and P = 0.098). To be conservative, all analyses reported here were controlled for both age and sex. Before analyzing the data, distributions were examined for normality, and non-normal distributions were natural log (Ln) transformed.
Between-group comparison of the demographic variables was by independent sample t-tests, Chi square and independent sample Kruskal-Wallis tests. Other between-group data were analyzed by analysis of covariance when the covariates of age and sex were applied, and paired t-tests were used for within-group comparisons. Correlations between variables were assessed by hierarchical linear regression, with age and sex entered as the first independent variables. Within-group correlations were by Pearson or Spearman's correlation coefficients. All tests were twotailed with an a = 0.05.
For purposes of characterizing response to antidepressant treatment, 'Responders' were defined as subjects whose week 8 HDRS ratings improved by X50% relative to baseline, and 'Non-responders' as those with lesser degrees of improvement.
Results
Demographics
The mean lifetime duration of depression in the depressed subjects was 170.6±143.0 months (median: 112.1 months; range: 9À426 months). The depressed and control subjects did not significantly differ in age, sex, body mass index, lifetime and current tobacco use and alcohol use, although average annual household income was higher in the controls than in the depressed subjects (P < 0.02), and average activity and exercise levels (assessed with the Yale Physical Activity Survey 50 ) were lower in the depressed sample than in the controls (P < 0.01). Across groups, annual household income was inversely correlated with baseline telomerase activity (r = À0.50 and P < 0.005) due to the strong relationship between MDD status and annual household income. Within the control and depressed groups separately, annual household income was not significantly correlated with telomerase activity (P > 0.20). Activity and exercise levels were not significantly correlated with baseline telomerase activity or with changes in telomerase activity with antidepressant treatment (P > 0.20). Demographic characteristics of the subjects are provided in Table 1 .
Baseline telomerase activity Baseline PBMC telomerase activity was significantly elevated in the depressed sample (10.78 ± 5.73 units/ 10 000 cells) compared with the controls (7.19 ± 5.01 units/10 000 cells) (F = 8.35 and P = 0.007) (Figure 1 ).
With depression and stress severity considered as continuous variables across all subjects, baseline PBMC telomerase activity was positively correlated with Inventory of Depressive Symptomatology (r = 0.36 and P < 0.05) and Perceived Stress Scale ratings (r = 0.36 and P < 0.05). Specifically, individuals with higher depression and stress ratings had higher baseline PBMC telomerase activity.
As expected, HDRS ratings significantly declined (improved) over the 8-week course of sertraline treatment (mean ± s.d. baseline: 18.50 ± 3.65; week 8: 10.19±4.62; paired t = 5.6 and, P = 0.000), representing changes ranging from 27% worsening to 82% improvement (mean improvement = 42.3 ± 31.0%). As a medication compliance check, plasma antidepressant levels (and their metabolites) were ascertained in the depressed subjects who were treated with sertraline. The mean plasma concentration of (sertraline þ N-desmethylsertraline) at week 4 was 46 ± 23 ng ml À1 ; range: 10-97 ng ml À1 , and at week 8 was 67 ± 37 ng ml
À1
; range: 10-146 ng ml
. All individuals had plasma concentrations within the range of published steady state concentrations for sertraline at therapeutic doses, 51 indicating good compliance with medication treatment. There were no significant correlations between concentrations of sertraline, N-desmethylsertraline, or the combination of (sertraline þ N-desmethylsertraline) with changes in HDRS ratings or with changes in PBMC telomerase levels (P > 0.30 in all cases).
Baseline telomerase activity prediction of antidepressant response Within the depressed sample, lower baseline (pretreatment) PBMC telomerase activity was directly correlated with decreases (that is, improvements) in HDRS ratings over the course of treatment (week 8 ratings minus baseline ratings), whether considered as the absolute change in HDRS ratings (r = 0.57 and 50 On this scale, 1 = not very active; 2 = weekend/vacations only; 3 = more than 1-2 times per week; 4 = more than 3 times per week. Other measures on the YPAS, such as 'Vigorous Activity' and 'Duration of Vigorous Activity' yielded similar differences between groups. (Figure 2b) . Similarly, lower baseline PBMC telomerase activity was directly correlated with lower absolute HDRS ratings (indicating less depression) at the end of treatment (week 8) (r = 0.80 and P = 0.001) (Figure 2c ). When 'Responders' and 'Non-responders' were compared, the Responders had significantly lower baseline telomerase activity than Non-responders (Responders: 7.67 ± 3.27 units/10 000 cells; Nonresponders: 13.69 ± 6.25 units/10 000 cells; F = 8.51; P < 0.02) (Figure 3) . These results cumulatively indicate superior antidepressant responses in individuals with lower baseline PBMC telomerase activity. The one depressed subject who prematurely dropped out of the study due to clinical worsening while on sertraline had the second highest pre-treatment PBMC telomerase activity of the depressed group (20.8 units/10 000 cells).
Antidepressant-associated changes in telomerase activity
Average PBMC telomerase activity did not significantly change with antidepressant treatment (baseline: 10.51 ± 6.10 units/10 000 cells; end of week 8: 9.14±6.97 units/10 000 cells, paired t = 0.75, ns). The range of change in telomerase activity was from a decrease of 13.19 units/10 000 cells to an increase of 13.55 units/10 000 cells. Those who started off with lower telomerase activity tended to show an increase with treatment (r = À0.41 and P = 0.12), but baseline activity levels only accounted for B17% of the variance in changes in telomerase activity. Treatment-associated changes in PBMC telomerase activity (week 8 activity minus baseline activity) were inversely correlated with changes in HDRS ratings (rs = À0.68 and P = 0.004) (Figure 4) . Specifically, greater increases in telomerase activity occurring during the treatment period were associated with larger decreases (improvements) in HDRS ratings.
We then assessed the combined effect of having both low baseline telomerase activity and greater treatment-associated increases in telomerase activity. Therefore, we created four groups using median splits on baseline and change in telomerase activity. In addition to lower pre-treatment telomerase activity and greater increases in telomerase activity after 8 weeks of treatment individually predicting superior drug response, individuals with both of these characteristics showed better average antidepressant responses than did individuals with only one or neither characteristic (F = 8.64 and P < 0.02). 
Exploratory analyses
To explore possible mechanisms contributing to increased telomerase activity in MDD, we examined correlations between PBMC telomerase activity and peripheral markers of oxidative stress and inflammation, both of which may contribute to changes in telomerase activity. [52] [53] [54] [55] [56] [57] In the combined groups, as well as in the separate control and depressed groups, there were no significant correlations between PBMC telomerase activity and plasma F2-isoprostanes (an oxidized lipid marker), 8-hydroxydeoxyguanosine (an oxidized DNA marker), ascorbic acid (an antioxidant), interleukin-6 or C-reactive protein concentrations (P > 0.20 in all cases).
In another set of exploratory analyses, we assessed the relationship between PBMC telomerase activity and telomere length (the telomere length determination methods and data are reported separately 7 ). We did not have an a priori prediction regarding the relationship between telomerase activity and telomere length, as different results have been reported in the literature, 13, 24 and telomerase activity and telomere length show markedly different rates of change. (Telomerase activity changes much more rapidly than telomere length 40, 58 ). In the combined groups, as well as in the separate control and depressed groups, there was no significant relationship between telomerase activity and telomere length (r = 0.02, 0.05 and 0.01, respectively). As these measures were not significantly correlated in our sample, discussion of differences in telomere length is beyond the scope of this report and are reported separately. 7 
Discussion
We found that resting (unstimulated) PBMC telomerase activity was significantly higher in unmedicated depressed individuals compared with matched healthy controls. The elevated telomerase activity was more apparent in those depressed individuals who responded more poorly to 8 weeks of antidepressant treatment. We also found that depressed individuals with greater increases in PBMC telomerase activity during the treatment period had better responses to the antidepressant. Specifically, depressed individuals with relatively lower baseline (pre-treatment) telomerase activity, and those whose telomerase activity increased the most with antidepressant treatment, showed the greatest benefit from antidepressant treatment. Given the relatively small sample size, it is not possible to estimate the independence of the effects of baseline telomerase activity and changes in telomerase activity in predicting treatment response. However, individuals with relatively low baseline telomerase activity and relatively greater increases in telomerase activity with treatment showed especially good antidepressant responses. These findings are novel and need to be replicated with a larger sample, but they do raise the possibility of the involvement of telomerase, a cell viability promoting enzyme, in depression and in antidepressant responses.
Our finding of higher PBMC telomerase activity in depressed individuals is consistent with related findings from some studies, but not others, although, to our knowledge, ours is the first study to assess telomerase activity in MDD. In a study of chronically stressed (but generally not depressed) maternal caregivers, decreased PBMC telomerase activity was observed along with shortened leukocyte telomeres. 13 However, in another study, stressed caregivers had shortened PBMC telomeres along with elevated telomerase activity. 24 The caregivers in that study had higher depression ratings than controls, but it is not known how many, if any, had MDD. The authors of that study interpreted the elevated telomerase activity as 'an unsuccessful attempt to compensate for the excessive loss of telomeres'. 24 The possibility that increased telomerase activity reflects a compensatory response to cellular damage is consistent with preclinical and clinical data suggesting that telomerase preferentially elongates shorter telomeres, [59] [60] [61] and that telomerase reverse transcriptase (the catalytic subunit of telomerase) is induced in response to certain types of cell injury, such as ischemic injury in brain cells. 22, 62 The prediction of antidepressant response by PBMC telomerase activity, both before treatment and during treatment, has not previously been reported. We found that relatively low telomerase activity before treatment, and relatively greater increases in telomerase activity with treatment, predicted better response to antidepressants. It is possible that telomerase activation is beneficial in the treatment of depression, as suggested by the observed correlation between telomerase activity increases and degree of antidepressant response. Especially high baseline telomerase activity, however, could indicate more underlying depression-related pathology, which could have induced greater telomerase activation. 22, 44, 63 Individuals with the highest pre-treatment telomerase activity may have already sustained as much benefit as is possible from endogenous telomerase activation, whereas those individuals with normal or only mildly elevated telomerase activity at baseline may be more likely to benefit from exogenously induced telomerase activation (that is, from medication). Consistent with the possibility that telomerase activation is beneficial in depression, several recent studies have suggested that healthful lifestyle changes, 64 moderate physical exercise 65, 66 and extended periods of mindfulness meditation 67 increase PBMC telomerase activity. In the former study, increases in telomerase activity were significantly correlated with decreases in psychological distress. 64 For now, explanations of our findings remain speculative, although they lay the foundation for replication studies and for future prospective mechanism-oriented studies.
In our exploratory analysis, we did not find significant relationships between telomerase activity and telomere length. The reasons for this are unknown, but telomerase activity and telomere length change along very different time lines and under different circumstances, and thus may be unrelated. 40, 58 Other reasons for the lack of significant correlations between telomere length and telomerase activity have been proposed, 68 including the shuttling of telomerase from the nucleus to the mitochondria under conditions of oxidative stress, 69, 70 and the possibility that telomerase may decrease the number of PBMC's with 'short' telomeres without significantly altering average PBMC telomere length. 61 It is possible that depression-related inflammation and/or oxidative stress contributed to our findings, as these may be associated both with shortened telomeres 7, 15, 71 and with stimulatory effects on telomerase activity [52] [53] [54] [55] [56] (although see ref. 57) . Our other exploratory analysis, however, did not support this interpretation. In sum, it is not known whether the increase in telomerase activity seen in depression reflects a salutary process (attempted protection of telomeres and recovery of telomere length), a deleterious one (direct stimulation by cytotoxic processes) or both.
The major strengths of the present study are the use of physically healthy, well characterized subjects, the exclusion of medications that might have influenced our results, the inclusion of a plasma concentrationverified antidepressant treatment component and the use of a sensitive and quantitative telomerase assay that measures activity in unstimulated PBMC's. The major limitations are the small sample size and the open-label nature of the antidepressant treatment. Another limitation is the lack of determination of telomerase activity in specific PBMC cell types, 43 as differences in PBMC telomerase activity could result either from telomerase activity changes on a per-cell basis or from different proportions of circulating PBMC types, with certain cell types having different degrees of telomerase activity than others. This possibility remains to be tested in future studies.
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